A photo-cross-linker probe such as an aryl azide (Figure 1 a) or benzophenone is conjugated to a protein of interest, and irradiation with UV light generates a reactive species that covalently cross-links to any nearby protein (Figure 1 b) . Purification of the cross-linked complexes and analysis by mass spectrometry, Western blotting, or other techniques reveal the identities of the interaction partners of the protein of interest.
PPI detection by photo-cross-linking has considerable advantages over other more commonly used PPI detection methods, such as the yeast two-hybrid technique, [3] protein complementation assays (based on green fluorescent protein, [4] split b-lactamase, [5] and split luciferase), [6, 7] and fluorescence resonance energy transfer (FRET). [8] For example, photo-cross-linking can detect interactions with endogenous proteins, whereas other methods detect only interactions with recombinant reporter-fused proteins. The small size of typical photo-cross-linking probes minimizes steric interference, which reduces the frequency of false negatives. Transient interactions can be captured. Finally, photo-cross-linking is compatible with all cell types and all subcellular compartments, in contrast to the yeast two-hybrid method, for example. [9] Yet photo-cross-linking is rarely used in living cells for PPI detection, principally because chemical photocross-linkers cannot be easily targeted to specific proteins of interest within the cellular context. The best current method for photo-cross-linker introduction is unnatural amino acid mutagenesis. [10] [11] [12] [13] [14] [15] [16] [17] The non-position-specific form of this technique [16, 17] introduces high background, reduced signals, and potential interference with protein function. Positionspecific unnatural amino acid mutagenesis [10] [11] [12] [13] [14] [15] is highly powerful but limited for mammalian cell applications by the prevalence of natural amber codons, [18] low suppression efficiencies, [15, 19] and the generation of prematurely truncated protein products, which can sometimes produce dominant negative effects. [20] A simple, robust, high-efficiency, and minimally invasive method for photo-cross-linker targeting in cells is required, to bring the advantages of this approach for PPI detection to cell biology.
As a first step towards this goal, we report herein the design and characterization of an aryl azide ligase. To produce this ligase, we re-engineered the active site of the Escherichia coli enzyme lipoic acid ligase (LplA) [21] to accept a fluorinated aryl azide photoaffinity probe and catalyze its covalent conjugation to a recognition peptide (Figure 1 b) . The ligation reaction is extremely sequence specific; endogenous mammalian proteins are not recognized and modified. We demonstrate the utility of this method by performing sitespecific aryl azide ligation to FK506 binding protein (FKBP) in mammalian cell lysate and then showing rapamycindependent photo-cross-linking to the proteins interaction partner, FKBP-rapamycin binding domain (FRB), also within lysate.
E. coli LplA is a 38 kDa enzyme that catalyzes the ATPdependent ligation of the cofactor lipoic acid (Figure 1 a) onto a specific lysine side chain of one of its three endogenous protein substrates in E. coli [21, 22] or onto a 17-amino acid unnatural peptide called "LplA acceptor peptide" (LAP). [23] We previously harnessed LplA for site-specific fluorophore tagging of LAP fusion proteins on the surface of living mammalian cells [23] by capitalizing on 1) LplAs extremely high sequence specificity, which prevents it from recognizing and modifying any endogenous mammalian proteins and 2) the malleability of LplAs active site, which allows it to accept and ligate alkyl azide analogues of lipoic acid. Azidederivatized cell-surface LAPs were selectively imaged with cyclooctyne-fluorophore conjugates. [23] For site-specific photo-cross-linker introduction, we synthesized two fluorinated aryl azides as candidate substrates for LplA ( Figure 1 a; syntheses shown in Figure 1 in the Supporting Information). These structures represent a compromise between high photo-cross-linking efficiency, [1, 2] longer activation wavelength, and small probe size to fit better within the LplA active site. Using an HPLC assay [23] with either E2p (a hybrid lipoyl domain derived from one of LplAs natural protein substrates [22] ) or LAP-HP1 fusion [23] as the protein substrate, we tested the ability of wild-type LplA to utilize probes 1 and 2. No product conjugate was detected in the reactions with either probe (data not shown).
Aryl azide probes 1 and 2 are both considerably larger than lipoic acid or the alkyl azide used in our previous study, [23] so we attempted to use mutagenesis to increase the volume of the LplA active site. The cocrystal structure of E. coli LplA with lipoic acid has been reported, [24] but a number of unusual features about this structure led us to examine instead the cocrystal structure of Thermoplasma acidophilum LplA with lipoyl-adenosine monophosphate [25] ( Figure 2 in the Supporting Information). The structure shows nine amino acid side chains (L18, D21, Y39, R72, Y73, T74, H81, L159, and H161) that lie within 7.5 of the dithiolane ring of lipoic acid. We aligned the E. coli and T. acidophilum LplA protein sequences and individually mutated each of the corresponding amino acids in the E. coli enzyme (L17, E20, W37, R70, S71, S72, H79, F147, and H149) into alanine in order to decrease their size. HPLC testing of this initial panel of nine LplA mutants showed that W37A, E20A, and S71A mutants could accept probe 1 to a small degree ( Figure 3 in the Supporting Information). Under identical reaction conditions, W37A gave more product than either E20A or S71A ( Figure 3 in the Supporting Information). No product was detected for probe 2 with any of the mutants, despite the fact that it is smaller than probe 1; this indicates that factors other than size play a role in substrate recognition. Based on these hits, we then produced a second panel of LplA mutants, shown in Figure 2 a. We tested each of these using the same HPLC assay, with LAP-HP1, and found that W37V LplA exhibited the highest ligation activity for probe 1, followed by W37S (Figure 2 a) . Under identical conditions (saturating probe 1, ATP, and LAP-HP1, 30 min), W37V gave 20-fold more product than did W37A, the best enzyme from the original mutant panel (Figure 2 a) . It is interesting that W37V LplA is superior to W37A LplA; we surmise that W37V better complements the shape and size of probe 1, whereas W37A may over-enlarge the LplA active site. We selected W37V as our best mutant and used this clone for all subsequent experiments. We characterized the W37V-catalyzed ligation of aryl azide 1 in terms of kinetics and specificity. First, we repeated the HPLC assay, with negative controls in which ATP was omitted or W37V was replaced by wild-type LplA. As expected, product was only observed in the presence of ATP and the W37V mutant (Figure 2 b) . We collected the HPLC-purified product and characterized it by mass spectrometry. Figure 4 in the Supporting Information shows that the mass corresponds to the calculated mass for one molecule of aryl azide 1 plus one LAP-HP1 protein, minus water. Next, we measured the kinetics of ligation. Using HPLC as readout, we determined a rate of catalysis k cat = (0.31 AE 0.04) s À1 , which surprisingly is even faster than the natural ligation reaction (lipoylation of E2p: k cat = 0.25 s À1 ; [23] Figure 5 in the Supporting Information). Separate measurements showed that the Michaelis constant K m was 80 mm or less (data not shown), which is considerably greater than the K m value of wild-type lipoic acid for LplA (1.7 mm [21] or 4.5 mm [24] ). We were concerned that remodeling of the LplA active site might change the peptide specificity of the enzyme. Therefore, we characterized the specificity of W37V-catalyzed aryl azide ligation in three ways. First, we prepared a total lysate from HEK cells expressing a LAP fusion with cyan fluorescent protein (LAP-CFP [23] ). We labeled the lysate under forcing conditions with aryl azide, ATP, and W37V LplA, and then we derivatized the aryl azide with phosphineFlag conjugate by using the Staudinger ligation. [26] Western blotting with anti-Flag antibody showed that, even though the LAP-CFP expression level is so low that it cannot be detected above endogenous proteins in the Coomassie-stained gel, only LAP-CFP receives the aryl azide, and the endogenous proteins in the lysate are not modified by W37V LplA (Figure 2 c) . Negative controls showed that labeling is specific for LAP and dependent on the W37V mutation (Figure 2 c) .
For our second specificity test, we performed ligation with aryl azide 1 on three non-LAP proteins: FRB-AP, FKBP-AP, [27] and BCCP-87. [28] We characterized the products by mass spectrometry (data not shown). None were found to be modified with aryl azide, despite exposure to reaction conditions that gave complete conversion of LAP-HP1 into the aryl azide conjugate.
Third, we tested peptide specificity by using a live cell imaging assay. A useful feature of the aryl azide probe is that it not only mediates photo-cross-linking but can also serve as a functional-group handle for the introduction of fluorescent probes. Although it is more common to derivatize alkyl azides with alkynes through [3+2] cycloaddition [23, 29] or with phosphines through the Staudinger ligation, [30] [31] [32] we and other groups have observed facile reactions of aryl azides with both cyclooctynes [33] and phosphines. [30] [31] [32] To make use of this reactivity, we expressed a LAP-CFP-TM (transmembrane) cell-surface construct [23] in HeLa cells and performed extracellular labeling with W37V LplA, aryl azide, and ATP. After washing away excess aryl azide, we derivatized the LAPligated azide with cyclooctyne-cyanine 3 (Cy3) conjugate. [23] Imaging showed that only transfected (CFP-positive) cells became labeled with Cy3, while neighboring untransfected cells did not receive Cy3 (Figure 3 ). Negative controls with aryl azide omitted from the labeling reaction or with LAP-CFP-TM replaced by an alanine point mutant in the LAP sequence gave no fluorophore labeling (Figure 3) . Thus, our three assays collectively demonstrate that aryl azide ligation has the same high sequence specificity as lipoylation catalyzed by wild-type LplA.
To demonstrate the utility of the new aryl azide ligase, we attempted to detect a known PPI within a complex mixture. FKBP is known to interact with FRB in the presence but not absence of the small molecule rapamycin. [34] We prepared an FKBP-LAP construct and expressed it in HEK cells. In separate HEK cells, we expressed a CFP-FRB fusion. Total lysates were prepared from both samples, and they were mixed. We labeled the combined lysates with aryl azide 1, ATP, and W37V LplA, before photo-cross-linking with 300-360 nm light in the presence or absence of rapamycin. We analyzed the samples by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS PAGE) and detected CFP-FRB by in-gel CFP fluorescence (Figure 4 ). Only imaging in the presence of rapamycin with UV light applied and the LAP tag intact did we observe a higher-molecular-weight band corresponding to the covalent FKBP-FRB heterodimer. Negative controls with either construct omitted gave no heterodimer band.
In summary, we have engineered an aryl azide ligase that brings us closer to the dream of routine PPI detection inside living cells by photo-cross-linking. Our ligase, generated by active-site engineering of E. coli LplA, catalyzes the extremely sequence-specific covalent ligation of a fluorinated aryl azide probe onto LAP fusion proteins, expressed on living cell surfaces or in total lysate. Our immediate goal is to extend this ligation reaction to the cytosol of living cells.
In addition to photo-cross-linking, the aryl azide ligation reaction can also be used for fluorophore tagging, as previously demonstrated with an alkyl azide analogue of lipoic acid. [23] The aryl azide undergoes facile reaction with cyclooctynefluorophore conjugates on the surface of living cells.
This study demonstrates the malleability of the LplA active site. Remarkably, the small-molecule binding site can be made to accommodate a variety of probe structures, without sacrificing the extremely high peptide/protein specificity that makes this enzyme such a useful tool for site-specific labeling applications. We were surprised to find that a single amino acid mutation (W37V) opened up the LplA active site to a structure quite dissimilar to lipoic acid. Not all enlargements of the lipoate binding pocket had equivalent effects, however; W37A was a much poorer catalyst for aryl azide 1 ligation than W37V. We were also not successful in finding any catalysts for aryl azide 2, despite its smaller size. These lessons will guide us in our continued efforts to engineer LplA for biotechnological applications. 
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